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FLIGHT-DETERMINED INDUCTION-SYSTEM AND SURGE
CHARACTERISTICS OF THE YF-102 AIRPLANE
WITH A TWO-SPOOL TURBOJET ENGINE

By Edwin J. Saltzman
SUMMARY

A brief compressor-sgsurge and pressure-recovery program has been
completed .for -t «Convair YF-102 airplane with a two-spool turbdjet
engine. The study covered an altitude renge from about 33,000 to
50,000 feet and g Mach number range from O. 6 to 1.1.

The results indicaete that this induction system-engine combination
had low compresscr-surge incidence for normel-flight operatlons and
that there was no relationship between distortion et the compressor face
and the surges encountered. In addition, it was found that, for the range
of these tests, distortion was not related to angle of attack, sideslip,
or free-gtream Mach number. This is probably due to the natural mixing
assoclated with the low expansion angle of the diffuser. However, there
was & relationship between distortion and normalized air-flow rate. Duct
internal-recovery losses were quite high because the duct-engine system
was mismatched for most £light conditions. These internal losses were
not affected by gngle of attack or free-stream Mach number; however,
inlet 1ip losses increased rapidly with angle of attack. This increase
is greatly aggraveted when Mach number exceeds 1.0. It was found that
the total-pressure variation with angle of attack for the YF-102 twin-
side inlet system is not the seme on both sides and varies in a repeat-
egble manner.

INTRODUCTION

The problem of compressor surge hes been encountered recently during
flights of turbojet-powered high-speed airplenes. Compressor surge is
the condition wherein most of the compressor blades stall simultaneously,
permitting the high-pressure gases in the combustion chamber to flow
toward the inlet duct. Many surges ere accompanied by a loud report and
flames may be forced through the duct.
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In the past it has been thought that compressor surges occurred
under conditions where there was a wide variation in total pressure
acrose the compressor face csused by a poor inlet configuration. During
wind-tunnel tests to establish surge conditions for an engine, 1t is
difficult to simulate the effects of changes in angle of attack and
gideslip encountered in flight. It was decided, therefore, to measure
the pressure profiles at the compressor face during flight tests of
fighter- and interceptor-type airplenes at the NACA High-Speed Flight
Station, at Edwards, Calif.

This paper presents the results of such tests mede on the Convair
YF-102 airplene equipped with a twin-side inlet duct system and a two-
spool turbojet engine. Some compressor surges were encountered during
these tests and an abttempt is made to relate surge occurrence with com-
pressor face conditions. The data were obtained at altitudes from 33,000
to 50,000 feet and over the Mach number renge from 0.6 to 1.1.

SYMBOLS
A cross-gectional area, sq ft
Ag duet skin area, sq ft
hp pressure altitude, £t
M Mach number
m/mO mass-flow ratio, Duct mass flow
PoVoAiniet
Nhigh inboerd compressor speed (high speed), rpm
Nlow outboard compressor speed (Llow speed), rpm
D' totel pressure, 1lb/sq £t
r radial segment
T air total temperature, °CR
v velocity, £t/sec
Wy air-flow rate, 1lb/sec




NACA RM c22
e S

wa{§g
B

air-flow rate normalized to sea-level conditions, 1b/sec

a angle of attack, deg
B angle of sideslip, deg
1 1
meximm distortion factor 2 tmax ~ 7wt
Amax 4 1
' lav
Dy distortion factor, average absolute deviation in percent
of averasge pressure recovery,
where
Pl pl
1 1
8 == - |7
o) o)
av
and n = number probes
T
5 eltitude normalizing factor, —E—
¢ i ’ 2116
6 compressgor face circumferential station, deg
III!
8a temperature normelizing factor, —————
: 518.4° R
p density of air, slugs/cu ft
Subscripts:
0 free stream

3

compressor face station
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1 locsl
av average
nmeax meximum
min minimum
L left

R right

ATRPLANE

The Conveir YF-102 ailrplane is a single-engine, 60° delta-wing
interceptor powered by & two-spool turbojet engine having an installed
sea-level thrust of about 11,300 pounds with afterburner or 7,400 pounds
wilthout afterburner. Alr is supplied to the engine through two side
inlets which Jjoin immedlately ahead of the compressor face. A photograph
of the airplane (fig. 1) shows the inlet shape and location. Additional
physical detalls are described in reference 1.

SURVEY STATTONS AND INSTRUMENTATION

Pressure surveys were made at five stations spaced longitudinelly
along the inlet-propulsion system. Survey station 1 in the duct of the
YF-102 airplane was located immedistely aft of the inlet, station 2 about
5 feet aft of the inlet, and station 3 ahead of the compressor face.
Photographs of these stations including the survey rakes are shown in
figure 2. The types of rakes used are shown in more detail in figure 3.
Insensitivity to flow angularity, for probes at stations 1, 2, and 3, is
assured by internal chamfering of the leading-edge to a 30° included angle.
Support structure influences are minimized by limiting rske width to
about 28 percent of probe length. The rakes at stations 1 and 2 aver-
age the pressures from all total-pressure probes. At station 3, however,
the pressure for each probe 1is recorded individually. The rakes at the
intercompressor and compressor discharge stations (4 and 5) consisted of
geveral redially distributed probes which were connected to a common
recording cell. These rskes (stations 4 and 5) were designed and built
especially for the engine by the manufacturer. The locations of each of
these stations relative to one another are shcwn in figure 4, along with
other pertinent physical details.
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Total and static pressure in the duct and at the compressor face
and totel pressure at the compressor dischsrge were measured with NACA
12-cell mencmeters; a pressure transdpcer was used at the intercompressor
station. Tobal air temperature was measured by a shielded resistance-
type probe located beneath the fuselage nose. Total temperature T'B

was assumed to be the same as free-stream total tempersture. An NACA
standard airspeed head provided free-stream total and static pressure
from points about 90 and 80 inches, respectively, shead of the fuselage
zero length station.

The YF-102 airplane conbtained standard NACA instruments and syn-
chronizing timer for recording general flight date pertinent to the
program.

. ACCURACY

It is estimated that the instrument errors involved in measuring
total and static pressure in the duct are about 5 1b/sq ft; however,
the installation error in statlc pressure 1s uncertain, which penslizes
the accuracy of calculated duct Mach numbers by an unknown smount. The
error in messuring compressor speed is within 50 revolutions per minute.
Normalized air-flow rate is estimated to be accurate to about 2 Ib/sec.
This parameter was determined from. unpublished results of engine tests
by the NACA Iewis Laboratory. The accuracy of free-stream Mach number
is within 0.0l at the lower speeds and +0.02 between M = 0.9 and 1.0.
At supersonic speeds the error in Mach number should be very smsll,
depending on instrument error only.

TESTS

The data reported in this paper represent pull-ups, speed runs,
turns, and sideslips. Altitude ranged from 33,000 to 50,000 feet with
most of the dete obtained at an altitude of 40,000 feet. Mach nmumber
varied from ebout 0.6 to 1.1.

It was found that the induction system-engine combinstion hed very
low throttle-~fixed surge incidence at the sltitudes normsally reached by
the ailrplane. In order to reach the altitudes where the probabllity of
surge increased, 1t was necessary to resort to & special maneuver con-
gisting of & level run at about 45,000 feet to provide momentum, fol-
lowed by a fixed-throttle pull~-up which allowed the airplane to "zoom"
to about 50,000 feet. About half these maneuvers provided.surge. Four
of these throttle-fixed surges were recorded elong with five other surges
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recorded under unknown throttle conditions. The nine surges recorded
are included in this paper with the conditions of their occurrence for
comparison with conditions where no surge was encountered.

DISCUSSION OF RESULTS

Although Intercompressor and compressor discharge instrumentation
was not available for all surges encountered, three of the throttle-
fixed surges were recorded with total-pressure probes at stations U4
and 5. According to NACA lewis altitude wind-tunnel data for a similar
engine, the compression ratio value prior to surge across the low-sPeed
compressor 1s well within the steady-state operating region. However,
the compression ratio value between stations 4 and 5 (across the high-
speed compressor) is sufficilent to initiate surge within the high-speed
compressor.

The relationship of compressor face total pressure with high-speed
compressor velocity prior to surge is shown in figure 5. As can be seen,
the region where surge was encountered is limited to a very small part
of the region of total flight experience; that 1s, the region where com-
pressor face totel pressure is less than 400 pounds per square foot.

The coarse cross-hatched ares indicates the part of the flight experlence
region where high-speed compressor surge was encountered for a similaxr
engine at the NACA Lewls Laboratory.

Although the region of flight experience 1s quite extensiwve, it
can be seen that throttle-fixed surge was not encountered in flight
until the conditions were the same as those existing for high-speed com-
pressor surge in the wind tunnel. Even for the surges where the throttle
condition 1s unknown the occurrence is within or close to those condl-
tions for high-speed compressor surge in the tunnel. Therefore, because
these conditions for surge in flight and in the tunnel are similar and
because the alr fiow to the engine in the tunnel was undigtorted, it is
believed that the surges encountered during flight are not induced by
compressor face distortion.

The contention that these surges are unrelated to distortion 1s
substantiated by figure 6 where the distortion factor Agy 1is related
to mass-flow ratio, angle of attack, and normalized air-flow rate. This
figure shows conditions existing at the compressor face for surge-free
operation (open symbols) and conditions prior to surge (solid symbols).
The distortion prior to surge is no greater; in fact, it is usually less
than the distortion for surge-free operation. As can be seen, there is
nothing unique about surge occurrence relative to dlstortion and the
other parameters shown.
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Each of the next two figures, 7 and 8, illustrates the circumfer-
entisl and radlal pressure-recovery profiles at the compressor face.
The solid symbols represent the average pressure recovery of each survey
rake at the circumferential position of the rake. The connected streight
lines within the radial segment r form the radial profile for each rake.
The solid horizontal line represents the overall mean pressure recovery
and the dashed line illustrates the circumferential devietion (distortion)
from the overall mean recovery.

Figure T shows the compressor face recovery profiles lmmediately
prior to the four surges encountered with fixed throttle. Pressure pro-
files cannot be shown during the surges because the dynsmic response of
the instrumentstion was not sufficient to follow the disturbance. It
can be seen that the dashed fairing at © = 150o is near the same level
as at 8 = 210°. This fairing is supported by data obtained during tests
when & rake was located at © = 150° (fig. 8(b)).

The pattern follows the conventional form for an installabtion of
this type, showing low recovery at the top (O° or 5600) and even lower
at the bottom (180°). At about 30° from the bottom the radial profile
loses the usual inverted "U" shape associated with fluid flow in pipes.
However, this feature is associated not only with compressor-surge pro-
files but is also characteristic of this installetion for normal-flight
conditions as shown in figure 8.

Figure 8 1s a presentation of the same type as shown in the preceding
filgure. These data represent turns, speed runs, and sideslips without
compressor surge. These maneuvers reveal generally low total-pressure
recovery at the compressor face with a high level of distortion. Com-
parison of these profiles will also show that distortion is not related
to angle of attack, Mach number, or sideslip for the range of these tests.
A possible explanstion of the insensitivity of compressor face distortion
to these externsl parameters is that the effective diffuser expansion
angle is so small (sbout 1°) that distortion originating near the inlet
dissipates through natural mixing before reaching the compressor. Hence
the distortion which is experienced should be @ function of the duct
internal geometry and internal air-flow parameters. The dependence of
distortion on the latter factor is demonstrated in figure 6 in which the
relationship of distortion to normalized air-flow rate is shown.

Much of the data of figure 8 are shown in figure 9 by comparing the
effect of angle of attack or sideslip on pressure recovery, distortion,
and various duct and engine parameters. Figure 9(a) represents a turn
at about 40,000 feet, M = 0.84, and a nearly constant normalized air-
flow rate of about 182 pounds per second. The pressure-recovery values
for stations 1, 2, and 3 are nearly parallel, indicating that the duct
internal losses are independent of angle of attack and that the 1lip
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losses, represented by station 1, increase rapidly wilth angle of attack.
The pressure-recovery loss at the compressor face between angles of
attack of 4° and 10° is sbout 0.06. In addition, the former observation
that distortion at the compressor face is not affected by angle of attack
is verified.

Figure 9(b) shows a similer plot for two speed runs which varied in
Mech number from 0.6 to almost 1.0, while altitude and the associated
angle of attack varied over a range comparable to the preceding turn
(fig. 9(a)). The relationshlp of pressure recovery to free-stream Mach
number can be seen by the reduced slope of the pressure-recovery curve
for these maneuvers. Here the loss in compressor face recovery between
engles of attack of 4° end 10° is about 0.03 (helf the value of fig. 9(a)).
In addition, distortion is little affected by Mach nmumber, especially
distortion factor Agy+ The duct Mach numbers displsy the same trends

during the speed runs as during the turn at constant Mach number and sare
only slightly Influenced by angle of attack.

A similar presentation is made in figure 9(c) for dive-recovery data
at M 2 1.0. Here, again, duct Mach number and distortion show only
slight changes with increasing angle of atgack; however, the pressure-
recovery loss from en angle of attack of 4° to 10° is about 0.10, indi-
cating a more severe lip loss with angle of attack st Mach numbers in
excess of 1.0. o

A similar comparison is presented in figure 9(d) to show the effect
of sldeslip at constant angle of attack. For the range of sideslip
shown, the pressure recovery and distortion are independent of sideslip.

The comparisons made in figure 9 show graphically the mammer in
which the inlet lip, angle of attack, internel losses, and supersonic
speed affect the pressure recovery of this installation. However, an
attenpt to relate pressure recovery to e flow-rete parameter in flight
is not as conclusive, as can be seen in figure 10. The variation of
pressure recovery with several air-flow parameters i1s shown, although
the more commonly used normalized air-flow rate is probably the most
intelligible.

For the data at an angle of attack of 4° the existence of a sudden
increase in recovery loss with increase in normslized sir flow is espe-
clally apparent. This trend 1s normel for inlet ducts as choking is
approached; however, most maneuvers should obviously be flown st air-flow
rates low enough to avoid the "knee" in the curve. Flight experience
with the YF-102 airplane has shown that for most maneuvers the normelized
alr-flow rate is beyond this "knee," which accounts for the generally
low pressure recovery of this duct-engine combination.




NACA RM H5T7C22

This condition is illustrated in more detail in figure 11 where
flight data are compared with recovery characteristics and the choking
boundary, both of which are estimated in reference 2. Sensing devices
were not availsble at the proper locations to indicate positively a
choked condition in this duct. However, in view of the trend of flight
pressure-recovery values and the position of the flight-recovery values
relative to the estimated choking line, it is thought that & choked con-
dition existed for most flight conditions. This is a rether serious
case of mismatching.

During these tests it was observed that as angle of attack increases,
the compressor face survey rakes at 0 = 90° and 6 = 270° experience
different total-pressure velues. Although an extensive study has not
been made, four special maneuvers were recorded at Mach numbers between
0.75 and 0.85 with only the rakes at 6 = 90° and 270° installed at the
compressor face. Rakes at stations 1 and 2 were also removed to prevent
their presence from influencing the results. These data, presented in
figure 12, show a significant and repeatable total-head differential
between the right and left sides of the compressor face at angles of
attack above 11°. As can be seen, the differentisl changes sign near
an angle of abttack of 15°.

CONCLUDING REMARKS

The combination of the YF-102 alrplane and a two-spool turbojet
engine has been found to display the following characteristics:

1. The combination had a very low compressor-surge incidence for
normal-£1ight operations.

2. For the recorded compressor surges there appears to be no rela-
tionship between compressor face distortion and surge.

3. For the range of these tests, distortion is not related to angle
of attack, sideslip, or free-stream Mach number. This probably is due
to the natural mixing associated with the low expansion angle diffuser.
There is a relationship between distortion and normalized air-flow rate,
however.

4, The duct-engine system is mismatched for most flight conditionms,
resulting in high internsl losses. These losses are unaffected by angle
of attack or free-stream Mach number. The inlet-lip losses increase
rapidly with angle of attack and this increase in loss with angle of
attack is greatly aggravated when Mach number exceeds 1.0.
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5. The totel-pressure varietion with angle of attack for the YF-102
twin-slide inlet system is not The same on both sldes for negligible sgide-
slip angles and varies in & repeatable manyer wlth angle of attack.

High-Speed Flight Station,
Natlonal Advisory Committee for Aerocnautics,
Edwards, Calif., March 12, 1957.
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(a) Station 1. E-1568

Figure 2.- Photographs of survey stations.
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(b) Station 2.

Figure 2.- Continued.
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E-1584

(c) station 3.

Figure 2.- Concluded.
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Survey station 1
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(b) Front view of survey station profiles.

Figure 4.~ Continued.
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(a) Subsonic turn at constant Mach number.

Figure 9.- Variastion with o and B of several induction

system parameters.
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(b) Speed runs from M=~ 0.6 to M= 1.0.

Pigure 9.- Continued.
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(c) Dive recovery data; M 2 1.0.
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Figure 9.- Concluded.
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Flgure 12.- Variatlion with sngle of attack of differential pressure
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